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SUMMARY OF SHOT DATA, OPERATION TEAPOT

Latitude and
3bot Code Name Date Time* Area Type Longitude of
Zero Point
- 1] "
1 Wasp 18 February 1200 T-7-4t 762-1t Air LA L
11¢ " 18.13¢¢
L] 1] ”
2 Moth 22 February 0545 T-3 300-ft Tower AL Rlaed
11¢ 1} 15.¢087
L] 1] ”
3 Teala 1 March: 0530 T-9b 300- ft Tower ol G G L
14 ”? 51.0011
] 1] "
4 Turk 7 March 0520 T-2 500-ft Tower Al R
114 ” 03.879
L] 1 "
5 Hornst 12 March 0520 T-32 300-ft Tower TR e
116 21 31.98%4
] Bee 22 March 0505 T-7-1a 500-ft Tower A D)
144 [ B.M414
7 ES8 23 March 1230 T-10a 67-ft Underground Rt
11¢ [ 14 . 1010
L] 1] "
8 Apple 29 March 0455 T-4 500-ft Tower LD ]
118 » (IR, ']
9 Wasp’ 29 March 1000 T-7-4¢ 740-ft Afr L
11¢ 01 18.1%¢
10 HA 6 April 1000 T-£8 36,620-ft MSL Air M et U=
11¢ 03 2.84
o 1] ”
11 Post 9 April 0430 T-9c 360-ft ‘Tower AL gD
116 02 03.8340
° ] "
12 MET 15 April 1115 FF 400-ft Tower S ST
15 111 44.1086
° 1 "
13 Apple 2 5 May €510 T-1 500-ft Tower MEesE L
118 [ [} 09.4937
14 Zucchini | 15 Vay 0500 T-7-1a 500-ft Tower o8 dan
116 (]} 26.0474
* Approximate local time, PST prior to 24 April, PDT after 24 April.
t Actual zero point 36 fert north, 426 feet west of T—7-4. -
1 Actual zero point 94 feet north, 62 feet west of T—7-4.
§ Actua! zero point 36 fr:et south, 397 feet west of T-5.
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ABSTRACT

Project 1.7 of Operation TEAPOT was concerned with the measurement
of surfece end subsurface effects of an underground explosion of a 1.2-kt
ruclear turst (Shot 7). The messurements included free-field earth and
air-blest effects, as well as loeding on underground structursl devices,
This report desls with the presentation and analysis of the free-field
deta only; the strurtural dats have been transmitted to the appropriste
agencies for their analysis.

From the 76 channels installed on TEAPOT Shot 7, 75 usable records
were obtained, The free-field quantities measured include air-blast
pressure, earth acceleration, earth stress and strain, and permanent
earth displacement,

The results sre discussed by phenomenon and, in each case, the
TEAPCT date are compared with pretest predictions. Also, where data are
avajleble, comperisons sre made with previous undergroand nuclear test
results. Some aspects of seismology and soil mechanics as applied to
underground explosion phenomens are presented and, finally, the most
pertinent high explosives results from subsequent tests conducted at
the TFAPOT location sre summarized,
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FOREWORD

This report presents the final results of one of the 56 projects compris-
ing the Military Effects Program of Operation Taapot, which included 14
test detonations at the Nevada Test Site in 1955.

For overall Teapot military-effects information, the reader is re-
ferred to "Summary Report of the Technical Director, Miiitary Effects
Program,” WI-1153, which includes the following: (1) a description of
each detonation including yield, zero-point envircnment, type of device,
ambient atmospheric conditions, etc.; (2) a discussion of project results;
(3) a sumary of the objectives and results of each project; and (4) a
1isting of project reports for the Military Effects Program,
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The planning and execution of Project 1.7 were under the direction
of L, M, Swift, vith L, H, Inman serving as Field Party Chief, D, C.
,,,,, Sachs teing responsible for date reduction and analysis, and S. C. Ashton
ceeed’ handling logistics problems., Other members of the field party included
: C. M, Westbrook, C, T, Vincent, R, V, Chler, V., E, Krakow, D, L, Knirck,
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e Bingham, USAF, and their staff is gretefully acknowledged.

The authors wish to express gratitude to Dr., 3. Ketz of Stanford
Research Tnstitute for his analysis of the travel-time curves and for
many stimulating discussions concerning the seismologicel aspects of the
data,
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Chapter |
INTRODUCTION

1.1 OBJECTIVE

The primary objective was to obtain data on the free-field under-
ground effects of an underground nuclear explosion (1.2 kt, 67 feet
burial depth) for a correlaticn with similar measurements made on small-
charge high explosives tests, particularly those of Project Mole, and the
Operation JANGLE underground shot (1.2 kt, 17 feet burial depth). Such
correlation, if established, would contribute to the prediction of free-
field effects fram larger nuclear charges fired underground under various

conditions, S
A second objective was to furnish instrumentation for two projects ﬁf::
concerned with loeding on structural devices from an underground nuclear ..
explosion, On these projects, the responsibility of Project 1.7 was SIS
1limited to obtaining and reporting data. o oo
Crater measurements and analysis, although a portion of Stanford (e
Research Institute Project Mole, were assigned to another agency for Tt

Operation TRAPOT (Project 1.6) and do not form a portion of Project 1.7.

However, since crater predictions form an important part of the prediction en
technique, a certain amount of attention is paid in this report to the ‘eece
prediction of crater radii and to crater formation mechanisms, $.:

1.2 HISTORY

Before 1939, essentially the only systematic investigation of the
effect of underground explosions was a study of the remote effects of
quarry blasts, which had been undertaken some explosive manufacturers
and the U, S. Bureau of Mines (Reference 1) to establish the limit of
distance for certain varieties of superi'icial damsge to dwellings. These
irvestigations have little bearing on the problems of military damage,

Table 1.1 presents a summary of the significant work taat has becn
done since 1940 on the e’fects of surface¢ and underground explosions, In
1940, the problem of underground damagc became of immediate interest to
the British, who initiated the program of experiment to determine crater
radii, earth movements, acceleration, and damage radii from bombs (Refer-
ence 2). By 1941, the British had collected a wealth of information cn
damege to structures from actual bombing incidents, but the complexity

CONFIDE




of these results, together with lack of knowledge as to the exmct position,
point of impact, and size of bomb, made correlation difficult, if not
impossible,

It became evident in 1941, during the course of U. S. bombing
experiments, that considerable damage to a fortification might be caused
by a near miss penetrating into the earth adjacent to the structure and
exploding there., Ths results were sometimes quite unexpected and led to
the conclusion that a systematic study of the underground phenomena caused
by a buried bomb was necessary. After some peliminary work with buried
dynami te charges, it became clzar that the phenomena were indeed compli-
cated and that only a long-ierm program which followed the principle of
investigating one variable at a time while holding the others constant
wculd yield the kind of data that would permit a quantitative evaluation
of the influence of the various parameters. A large program was organ-
ised at the Princeton Station of the National Defense Research Council
(NDRC) (Division 2), and the field work began in 1943 (see Table 1.1).

The NDRC project involvsd detonation of about 100,000 pounds of
explosives, in units ranging from 8 to 3,200 pounds per shot, and con-
struction cf over 50 target structures (Reference 3). The tests were
conducted in three different soil types, and the final report on the work
(Reference 4) appeared in 1946.

The Corps of Engineers, seeking more complete information on under-
ground explosion effects, began in 1948 its Underpround Explosion Test
(UET) program. The purpose of the program was to establish criteria for
the design of subsurface structures and tunnels that would resist the
effects of underground explosions of then-current and projected types of
bombs and guided missiles., The tests were conducted principally at
Dugway Proving Grounds, Utah, using a series of charpges of TNT which
varied in weight from 8 pounds to 320,0C0 pounds and which were d~tonated
in several soils, The smaller charges were detonated at different depths
to determine the effect of charge depth and relation to gage depth. Some
free-field earth pressure and earth acceleratjon messurements were made
in the UET program by Fngineering Research Association, Inc. (FRA)
(Reference 5). For this work, FRA used 320-pound charges buried in silty
clay. They obtained data on four rounds,

In 1951, to assist in the planning of a possible future underground
nuclear explosion test, the Armed Forces Special Weapons Project (AFSWP)
added the Stanford Research Institute (SRI) Surface Structure Program
(Reference 6) to the UET series at Dugway. This supplementary program
was designed to study thz2 effects on surface structures of three buried
TNT charpos (2560, 40,000,and 320,000 pounds). Some free-field earth
measuremehts were made by SRI on the same shots, supplementing those
made by "RA, Tt was dec:ided to test the validity of the simple model
laws for air blast, motion of soil, and response of surface structures,

When the Nevada Test Site was chosen as the site of the Overation
JANGLE underground nuclear teat (U shot), several differences were antici-
pated between U shot results and those from orevious underground
explosion tests. Important differences were considered to be the type
of explosive, the relatively shallow depth (scaled) of charge burial,
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and the soil cheracteristics., To establish a better basis for prediction
of corresponding phenomena {rom larger explosions at the same site, the
JAYGIE HE (high explosive) test program was undertakon (Referance 7).

The part of this program executed by Stanford Research Institute (see
Table 1.1) included four TAT explosion tests, three 2,560-pound size
chargee and one 40,000-pound charge., The surface-detonated HE-4 shot

(2,560-pound) was included to provide predictions for the surface nuclear
test (S shot).

In the fall of 1951, JANGLE U and S nuclear charges (1.2 kt) were
detonated at the Nevada site (Reference 8). One of the objectives of
the nuclear tests was to determine the physical laws governing shock
wave propagation (in sir and earth) and those governing scaling betweenr
conventional hipgh explosives (TNT) and nuclear detonations, so that HE
test resultz could be used to predict the =2ffects of niclear explosions
under varying conditions on a wide variety of targsts, However, since
the JANGLE test wearons were considersbly lower in yield than present
operationel weapons and since the test programs were carried out in only
one erviromment, only marginal basic data on the effects of surfaze and
underground detonations were obtained,

Project Mole field work, which employed 256-pound spherical TNT
charges detoriated both underground and aboveground, was begun in the
summer of 1952 (see Table 1.1). The Mole program was desipned to investi-
pate, uesing a single-size TNT clarge, the effects of charge and gage
burial depths, soil characteristics, and ajr-earth energy pertition
from underground and near-surface aboveground explosions (Reference 9).
The field work assocjated with this program continued through the fall of
1954, when a series of rounds was fired at the Nevada Test Site adjacent

to Lthe site designated for Shot 7 of Operation TEAPOT, which occurred in
March 1955.

Shot 7, a 1.2-kt nuclear device buried 67 feet below the surface,
was included in the 1955 TFAPOT series in an effort to facilitate the
correlation of TNT and nuclear underground data. Prior to this test,
since the JANGLE U charge was shallow-burial, there were no data available
on a "deep"-buried underprcund nuclear exvlcsion. Tt wes hoped that the
TRAPOT underground detonation would resolve many of the uncertainties
inherent in current prediction methods, It is with that shot that this
report is primarily concerned,
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Chapter 2
THEORY and ANALYSIS

2.1 SCALE EXPERIMENTS AND MODELING

2,1,1 Model Laws. A simplified discussion of the model laws as
normally spplied to explosion phenomena is presented here principally to
femiliarize the reader with the nomenclature used in the main body of
this report., If al" dimensions of an experiment are increassed by factor
S, where S is designeted as the scale factor, and if it is assumed that
all times associated with the experiment are increased by this same
factor S, the model law or scaled relations for the various phenomena
concerned can be derived by simple dimensional anslysis, The model law
is known to be invalid under some conditions, such as when the velocity
of propagatior is & function of the rate of spplication of stress, when
viscosity effects exist, and when the effects of gravity are important.
However, extensive scale tests using small TNT charges (References 3, 4)
have indjcated fair model law behavior for underground explosion
phenomena, particularly for deep-buried charges, where the effects of
explosive products venting into a completely different medium sre reduced
or eliminated,

For cube-root sceling, if ell dimensions of an explosive charge

(same explo7ive type) asre changed by fector S, this factor is then equal
to (W » the cube root of the ratio between the explosive charge
waigh% As a consequence, the cube root of the charge weigh% in pounds
is a convenient quantity to use in describing the acale of an experiment,
and the retio of the cube root of the weights of the two charges is
generally considered to be the scale factor between the two tests., It is
convenient to use the symbol \ in describing the d%ysnsions of an experi-
ment, wherein \ is designated as follows:
in feet and W is the charge weight in pounds of TNT of equivalent energy
release, In this report, \ refers specifically to horizontal ground
distances measured from ground zero. The term A, describes the charge
depth and the term A\, describes tha gage depth. To obtein distances in
feet, \ is multiplieg by the cube root of the explosive charge weight in
pounds of TNT or equivalent,

When the dimensional analysis referred to above is appliad to the
varjous phenomena of interest, it is found that at scaled distances
(corresponding values of )\) and scaled times the pressure and particle
velocity are independent of churge size or scale factor, S; irpulse and
particle displacement are proportional to S; particle acceleration is
inversely proportionsl to S. The model law tells nothing of how the
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quantities themselves vary with distance, so that the error should not
be made of trying to predict magnitudes at a distance other than the
scaled distances.

When the statement is rade thst a certain phen-omenon {ollows the
scaling laws, it must be noted that this refers to the total phenomenon,
and not merely to selected asvects of it, Thus, if the earth accelera-
tioa 12 known to be a function of time and position, in true scaling
the acceleration function for a similarly acaied experiment can be pre-
dicted directly; but i€ the scale factor for amplitude and the time differ
from each other or are markedly different from the known value (S), then
confidence in extrapolation must decrease, If empirical scaling laws
are derived, then the test of their validity is the universality of their
application to all aspects of the phenomena in the charge weight range
from which they were derived,

op VN o Tarth or soil as a transmission
medium for mechanical effects is characterized as a nonelastic or plastic
medium, Jts transmission prooerties vary with moisture content, with
type (as distinguished by grain size and shape), compaction, and possibly
other factors, These effects coambine to make the properties with respect
to location and position wvariable with depth, location, and weather,
For small charges, a slightly changing irregulerity, such as increase of
seismic velocity with depth, has 1ittle effect. This is tecause in the
region of military interest the transmission of earth motion is along a
near-surface path with practically constant velocity. For large charges,
however, the path embraces a considerable variatior in seismic velocity,
with consequent change of transmission properties, direction of arrival,
and the like, This variation could definitely be even more proncunced
in the presence of faults, reflecting layers, herd-rock boundaries, and
water tables at distances camparable to those used for describing tae
experiments,

The moisture in the soil is probably the most importent variable
and the one which produces the greatest effect on the transmission of the
pressure, Moisture content can change rapidly with depth, as for example
at the boundary of the subsurface water table. The consequent rapid
variation of velocity produces refraction effects and possibly reflection
effects, although these cannot be definitely separated in most cases,
The velocity of transmission in a water-soaked soil msy be appreciably
higher than the velocity through dry soil, which produces a resultant
high transmission of pressure for wet soils. This high transmissibility
appears in the data as a very high soil constant for wet soils.

A direct application of the model laws to high explosive tests and
nuc ear tests having yields described in equivalent pounds of TNT must
assume an explosive configuraticn equivalent to that of TNT, Jt is at
once obwvious that the explosive source chsracteristics of a nuclesr
charge are not equivalent to those of a TNT charge. In other words, in
a direct sense, the dimensions of the experiment do not otey ths essumed
model law relationship. The hydrodynamics and thermodyremics of the
early-stage gas bubbles are obviously different for the two types of
explosives (References 10, 11, 12, 13). It is suspected that the effect
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of these differences is even more proncunced for the relatively shallow

chsrpge depths, since the energy relatiorships in the venting processes

can readily te affected by the thermodynamic conditions in the gpas

bubbles, Furthermore, there is no reason to assume that all physical

output cheracteristics of a nuclear exvlosion can be described by a 3
single equivalent energy release, Jt is well understood that the equiva- :
lent yield of a micleer explosion is a function of the phenamenon that

is used to judge this yield; for instance, the equivalent yield for ther-

mal and radiation effects will otviously be different from the equivalent 2
yield for such mecharical effects as earth pressure, earth acceleration, :
or cratering,

To surmarize, the TNT efficiency of a nuclear detonation amst be
defined for the particular parameter being considered. If a muclear
detonation -of known total yield, kt, at a depth, D, produces an
apparent crater of radius, R, and it is estimated that kt of TNT
at the same depth, D, would produce the same crater radius, R, ths TNT
efficiency is defined as 100 W in per cent, Since extremely large
TNT tests ares not practical, sore scaling relationship must be assumed
to calculete the TNT efficiency of a nuclear test; it is worth noting
that TNT efficiency and scaling relationships are inextricably related
and that one csnnot be determined without assuming a value for the
other, unless absiydly large TNT tests are conducted, There is little tevest
reason to suggest that the nuclear TNT efficiency for a particular 1
phenomenon should be exactly 100 per cent; in fact, for peak airblast S
overpressure, in the region of principsl interest from a free air burst,

the TNT efficiency of a nuclear explosion has been well documented at ii".
slightly below 50 per cent, whereas the TNT eff’iciency of a nuclear T .
detonation for gamma radiation wculd normslly be much greater than 100 S
per cent, RN
2.2 UNDERGROUND EXPLOSION PHFNCMENA '"'f

The broad objective of all the studies in the field of underground I
explosion phenomena has been to formulate a detailed theory of the
mechanism of propagation of explosive waves in a semiplastic medium,
taking account of the three-dimensional nature of the problem and the
presence of a boundary. This theory would include consideration of such
factors as the nature of the explosive, the characteristics of the medium
(soil), the effect of the depth of the explosives below the surface of
the medium, and the energy partition of the detonation,

The problem is to calculate the time variation of the stresses and
earth movements near the explosion of a spherical charge. The charge
may be detonated at verious depths below the ground level (possibly near
the surface), so the problem cannot be treated as one of spherical
gymmetry, The transmissjon of elastic waves to great distances has been
thoroughly examined for its seismclogicel application; however, the main
interest is in what happens in the plastic region comparatively close to
the center of the explosion, where the earth's movements are great and

‘the strains are largely permenent, The assumption is usually mede that
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in the plastic region one can neglect the elastic compressibility. As

for the criterion of yielding, the plastic behavior of soil under com-

bined stresses is not known with sufficient certainty tc make any detailed

theory worthwhile, and it is usually assumed that the soil has a definite

yield point not depending on the hydrostatic corponent of the applied .
stress, The stress system at any poirt in a problem of sphericsl symmetry
is just a hydrostatic stress superimposed on pure uniexisl compression,

80 the meximum stress difference in the plastic region is eocual tc the
ordinary compressive yield stress. However, for an underground explosion
close tc the earth's surface, the spherical symmetry conditiom is not
satisfied and it is necessery to know the general relations between
Plastic strain and combined stress,

The above general considerations of underground explosion phencmena
have led to many thecretical attempts at orgeniziag the concepts into a
coherent and consistent theory (References 10, 12, 14). However, it has
not been possible with the use of these theoretical acoroaches to exvlain
the experimentel results obtained from underground explosions in which
different weights of TNT were buried in different soils at various depths
below the ground surface.

It is convenient in estimating energy released by an explosion to
simplify the picture by assuming that (1) the detonetion takes place
instantaneously, filling the cavity originally occupied by the explosive
with the final gaseous combustion byproducts so that thc amount of energy
released per unit weight is the energy density of the detonation and (2)
as the gas in the cavity expands, it does so adiabatically (without heat
transfer between the gas and the confining medium).

While the energy is being transferred inelastically, the particle
velocity necessary to accomplish this far exceeds that of e shock wave,
Hence such a vave, if it may be said to exist, lags behind the detonation
front at whizh energy is transferred to as yet inactive materiasl; however,
once the material collisions become less energetic and more elastic there
is no more interpenetration, and a shock wave develops., In the earth,
which is nonlinear, plastic, sbsorptive, dispersive, anisotropic, and
inhcmogeneous, only the genersl features of the pressure wave are known
at present, While the pressure wave is traveling in the earth, any
obstacles it encounters are moved, accelersted, or subjected to pressure
and impulsive forces., In varticular, close to the charge the shock
strength-distance gradient js expected to be large encugh to loosen the
cohesive forces in the soil to an extent depending on the type of soil,
pressure of the overburden, moisture, aeration, etc, At large distances
from the charge, the shock rapidly reaches a seismic and acoustic regime
for which much information is already availesble; however, it is unlikely
that any effects of militery importance cccur in this region,

The shock wave, arising from elastic collisions, leaves tehind it a
gas bubble with considerable exnansion energy remaining., The overbunrien
directly above the charge has bu:en more or less shattered by the shock.
wave, while the earth below the charge suffers less decohezion, because -

the static pressure is greater, Thus, the gas bubble tends to escepe
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upwerd, since the tchock wave suffers less attemuation in traveling the =
short distance fram the top of the gas bubble directly to the surface

of the earth than in travsling the longer distance at elevation angles
removed from the vertical. The gases tend to escape directly upward;
hence, saomething akin to a broad conical jet of hot gases emsrges, carry-
ing with it the immediate overburden, i

g

Since it is poasible to associste az energy density with convertional
types of explosives, it is a fairly simple mstter to compute the total 3
ensrgy release for a particular charge weight, However, the energy
density concept can lead to some of the difficulties of correlating HE
and muclear explosions, since their respective initial energy densities
can differ by a factor of as much as 10‘. A nuclear air burst loses a
large percentage of its total energy in radiation effects, whereas only
a small percentage of a low-temperature, nonradiocactive HE burst goes
into radiation. A nuclear air burst is found to have a blast (mechanical)
efficiency of about 45 per cent relative to TNT. This mechanical effi-
ciency is more difficult to define when energy travels from one medium
into another (e.g., ground to air)., It is likely that the energy parti-
tion of both TNT and nuclear detonations is dependent upon such factore
as charge depth and soil properties.

Fortunately, the earth lends jtself to one form of measurement which .-,
such media as air and water do not, namely crstering. The earth, when ?":
ruptured by an explosion, leaves behind a record in the form of rearranged, ‘-
pulverized, and sheared earth, Experimental measurements using conven=- .
tional explosives such as TNT led to some optimism that craters produced ecene

by such explosion could be predicted with an accuracy sdequate for

military purposes, even though it is clear thet! some properties of the R
earth redium in which the explosive is fired sre very sensitive parameters :-'":
in affecting the crater. The situation regarding craters produced by L

nuclear explosives is less satisfactory. First, the evidence is meager;
second, the existing evidence leads to the conclusion that the TNT effi- csesel
ciency (assuming cube-root sceling) for craisriag is a function of soil
type, charge depth, etc, .Although there is som2 evidence that the proper
scaling relationship is greater than cube-rcot, i.e,, fourth root or o
greater, cube-root scaling of crater linear dimensions is assumed for Secees
this report,

The effect of charge depth or height is fairly well established for
TNT. If scaled crater dismeter is plotted against scaled charge depth,
it is clear from both experiments and physical reascning that the curve
will be concave downward, since no surface crater is produced if the
charge is sufficiently high above the surface or sufficiently deep below
it. For TNT, the maximum of this curve is rather broad, and occurs in
the range of 1 < A - < 3.,

The effect of the medium has been shown to be as large s a factor
of 2 in the field experiments with TNT, Unfortunately, the specific
properties of the medium which affect the crate:r are not yet established,
It is postulated that strength, either shear or tension, and density are
sensitive parameters, It is possible that the elastic moduli are also
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importent, In regard to strength, it is, of course, the strength under
shock loed conditions that is important, It is difficult to meke lab-
oratory test under shock load conditions, and the heterogeneous char-
acter of earth makes the extravolation from laboratory to field conditions
uncertein. Thus, although appropriate values for strength under shock
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2.1 Typical experimental dynamic stress-strain curve for free earth
(s41ty clay) corrected for spherical spreading.

load are not known, it appears clear that strength under such conditions
may differ widely from strength under static loed,

2.3 SOIL CONSIDERATIONS

=St o« The plastic nature of earth as a
transmission medjum is most readily realized by an examination of the
stress-strein curves for a typical silty clay soil (Reference 4). This
stress-strain curve, which is shown in Figure 2,1, wvas determined from
dynamic measurements obtained in earth, Figure 2,1 shows the slope of
the loeding part of the stress-strain curve decreases with an increase of
pressure ( in other words, the loeding part of the curve is concave
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downward), whereas the slope of the unloeding part of the curve decreases
with decreasing pressure (1s concave upward),

The result of such a stress-strain curve is to produce dispersion
in the transmitted compressional wave in such a way as to prohibit trans-
mission of a shock wave., This comes about through the decrease of the
slope of the loading curve with an increase of stress, which causes the
higher pressure levels of the waves to be propagated more slowly, just
the opposite of the case of a shock wave in air, This effect of varia-
tion of propagstion velocity as a function of pressure is shown by the

equation:
1 d
V (o) =/ - (2.1)
p dé
where p = density
7 = gtress
d = strain
V = velocity of transmission of the pressure level,

The net result is that the peak of the wave travels more slowly
than does the initia) part, so that the wave continually stretches ocut
in space and time. The unloading portion of the curve has a steeper
slope than does the loading part except at low pressures, where it is ey
less steep. The result of this property of the stress-strain curve is ”'“:
that the wave suffers s continual change of shape from the rear as well T
as in the front, The peak tends to be eaten away by the rarefaction or  ------
unloading curve; in addition, the slow speed of the low pressures associ- :.:...
ated with the unloeding curve results in an over-all increase in the space -----
length of the wave, This feature points up a besic difference between =
pressures measured in the earth and those measured in air, In air, when .
a shock wave is disturbed in some way by mechanical or thermal conditions, ...

it seeks an equilibrium or classical shock configuration again when the )
disturbance decays. That is, when the "shocked-up" condition of the @  ----- :
wave in air is disturbed it will "return" to the classicsl shock front .
condition, because the velocity of propagation of the higher pressure
levels is greater than for lower pressure levels, However, quite the o
opposite is true for a pressure wave in earth, Any deviation of a wave Teeelt
in earth from the pure compression type will be msintained (and even

enhanced) as the wave progresses out to larger ground ranges. Consequent-

ly, the inhomogeneities or nonisotropic characteristics of the medium,

which give rise to these deviations suffered by the waves in earth, assume
greater importance in any analysis of underground explosion phenc.ena,

Referring again to Figure 2,1, the area between the loading and un-
loading parts of the curve represents an energy loss per unit volume of
the soil passed over by the wave. This must cause ap attenuation of the
amplitude and energy of the wave as it progresses away from the source.
The rate of propagation of the initial part of the wave or of waves of
very small amplitude is determined by the slope of the stress-struin
curve near zero pressure, This is the propasgetion raete determined bty
seismic refraction shcoting.

Tt has been found in laboratory tests on soils (Reference 15) that
the rate of application of strain can be an important variable ("sirein-
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rate” effect) in determining the dynamic stress-strain relationship for
a soil, The stress-strain curves obtained using transient strains differ
appreciably from those obtained on static tcata. By way of example, the
curve shown in Figure 2,2 ia typical of the strairn-rais characteristic
for soils which hsve been laboratory tested. The factor usuaslly used to
define strain-rate characteristic is the ordinate of Figure 2.2, i.e.,
the ratio of transient and static strengths corresponding to a specific
loading time.

In confined soil sample tests upon plastic or slightly nonmplastic
soils, the strain-rate effect is probably due to viscous resistance to
deformation. However, in confined tests upon very brittle and stiff
soils, the strain-rate effect is believed to be s result of time lag
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2.2 Typical strain-rate curve,

phenoment., This time lag is, in some manner, releted to the effort
required to overcome the bonds existing between the soil particles and
the bonded water. The Dugway dry clay soil seems to fall in this latter
classification,

Sojl Mec ¢cs8. In considering soil structure, it is note-
wortky that the fluid filling the pore spaces of the soil mey Le air or
water or 2 combination of the twe. When the treansmission of pressure
waves from an explosion is considered, it is important to separate two
effects,

Primariiy, there is the transmission of the pressures directly from
the explosive source through the interstitial spaces, which may lead to
the transmission of pressures over great distances, Thi. effect is clearly
present when the pore spaces are completely filled with water., However,
when the pore fluid is air, the transmisasion is severely attenuated and
does not occur over great distances,

The second effect, important only when the pore fluid is water, is
the generation of pore pressures as the soil mess distorts under the
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effect of the explosion. If a mass of soil whcse voids are campletely
filled with water is compressed, a substantial portion of the compressin;
pressure is induced in the pore water, and large amounts of energy may be
stored there., Alro, if the saturated soil mass :s sheared, changes occur
in the pore water pressure. It is practically impossitle to separate
these effects by observation, because both occur simultanecusly. However,
it is possible to vredict, in an approximate manne-, which of these
effects might be most sigrificant for a particul-r soil.

Another aspect of soil mechanics application can be seen when radial
stresses and streins are considered., In stiff soils {s.g., drv clay),
the lateral strains necessary to retain continuity cennot readily occur.
Thus, rasdial splits occur, whereupon the explosion pressures may vent
along the splits and penetrate into the soil mess. This process leads
to soil treaskup into larpge clods and to subsequent throwout of the
material. Jn soft, plastic soils (e.g., moist clay) the soil tends to
retain continuity., Hence, a ring of soil unable to resist increased
radial pressure may move outward but still be fairly well intact. This
rovement continues until this ring hss expanded against a mass of soil
capable of containing it, This suggests that the material of the walls
of scft soil craters should exhibit large radinl strains, the magnjtudes
of which approach the maximum strain the scil can sustain.

For permanent displacement reasurements teken st the ground surface,
it is to be expected that sand sites wculd yjeld displacements much
larper than those at clay sites. This is because & sand soil at ground
surface has no resistance to deformation, whereas a clay may possess
considerable resistance. Displacements at greater depths in sandy soils
would be considerably less, whereas for clay the decrease of movemsnt
with depth is expected to be small, This again is the relative behavior
which one should expect of cohesionless and cohesive soils,

The foregoing exsmples help to illustrate how the basic principles
of soil mechanics can be profitably applied %o the analyses of under-
ground explosion phenomena, Attempts will be made throughout this report
to explain the experimental results in terms of these principles.

2,3,3 Sejsmology. Many attempts have been made to correiate some
physicsl property of the soil with the various parameters that influence
the earth stress, ecceleration, and damage, but to date no field test
has yjelded useful information on this score. However, some useful

information is obtained from the measurement of the velocity of propagation

of seismic waves, The seismic velocity is obtained by mesns of shallow
refractjon shooting in a manner familiar to geophysicists.

A relaticnship exists between the soil constant, k, and the velocity
of pr:opapetion of a seismic wave in the material. This velocity is that

of a low amplitude wave corresponding to a sound wave in air and is to be
distinguished from the velocity of the pesk of a finite wave, The slope
of a stress-strain curve near the origin would be asscciated with the
velocity of very low amplitude waves, The seismic velocity of these low
amplitude waves can be obtained by shallow refraction shooting, using
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small charges. Such explorations can be carried out essily and cheaply
compsred with the direct method of measuring explosion pressures. The
scil constant js defined by the relation

K = -’2- pV2 (2.2)

vhere k = soil constant (pounds per squere foot)

p = density of the soil (slugs per cubic foot)

V = velocity of sropagation (feet per second).

Jt is noteworthy that some underground explcsion phencmens seem to
correlate with the concept of soil constant given above (Reference 4).
In other words, there is evidence that the propagation velocity of large-
magnitude stress waves is compesrsble with the velocity of seismic (in-
finitesimel amplitudes) waves in the same medium (see Section 5.6.1).
This evidence leads to some hecpe that seismic exploration will prove use-
ful in predicting effecte from underground nucleer detonstions.,

An impulsive disturbance in soil generstes weves which decay with
distance and propagate outward with characteristic velocities, If the
sojl behaved as a semi-irnfinite, homogenreous, elastic medium, three waves
would be observed: (1) the compressional wave with velocity

p (2.3)

vhere K, G, and p are the compressibility, rigidity, and density, res-
pectively: (2) the distortionsl wave with velocity

v = |G .

g . (2.4)
(3) the Rayleigh surface wave with a velocity

Ve ¥ 0.9 Vg (2.5)

The compressional and distortional waves are body weves related through
Poisson's ratio v, by

s/ 1-2 (2.6)
or
2
(-

- 2 \'s
Y = \
2 2.6
(YB) iy ( )

VS
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Thus, messurement of Vp and Vg would lead to a datermination of v,
or to sny of the other elastic constants of the soil. In general, the
surface wave predominat*s at long renges, since its amplitude decays as
R‘1/2, compared witi. R™' decay for the tody waves,

An actusl soil may differ fror the above descrited sclid in three i
respects: (1) its structure may vary with depth, resulting in either a 1
continuous or discuvntimious depth variation of elastic constants and wave |
velocities; (2) its structure may change cver relatively short ranges, {
resulting in nonuniform horizontal propagation; and (3) it muy exhibit ’
an elastic response over only a smsll range of stresses., In perticular,
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2,3 Travel-time curve for surface chot in hamogencous, semi-infinite, ‘;::

elastic solid, senee

soil has a porous structure which is compressitle and which can be des- S

troyed ty sufficiently large stresses. In such a solid, rropagation of <

waves other than those described above msy be expected, T

In the study of blast effects, the variation with radius from the
detcnation point of stress, strain, impulse, and perticle velocity and
accel:ration is usually of primary importance., However, such data may
give no direct information on the type of deformation or wave propagation
involved., An important adjunct tc these parameters of ground motion ia
a study of the propagation velocities of identifiable wsves, By plotting
the travel time (T) of the prominent waves as a function of charge-to-
gage distance (X), the travel-time curve fariliar in seismology is obtained.
The curve in Figure 2,3 would result from a surface shot on a homogeneous,
semi-infinite, elastic solid having velocities defined above, Travel-
time curves for the compressional wave in more complicated distributions
sppesr in Figures 2.4 and 2,5 (the air weve has been omitted). Conversely,
the observed travel-time curves may be used to derjve the velocity struc-
ture and the mode of propagation of the observed waves, However, this
derivation is not always unambiguous. For example, & small velocity
rradient mey give an apparent linear travel-time curve,
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2.L Trevel-time curve for surface shot in two-layer solid.

For the charge sizes and gage distances of intarest here, the depar-
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